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A SYSTEMATIC APPROACH FOR REGULARITY EXTRACTION

Background of the Invention

Technical Field of the Invention: The present invention relates to
computer-aided design (CAD) and, more particularly, to regularity extraction in the
design of integrated circuits. ' -

Background Art: In high-performance custom integrated circuit designs,
designers take advantage of the high degree of regularity often present in circuits to
generate efficient layouts in terms of afea and performance as well as to reduce the
design effort. Datapath circuits perform various arithmetic and multiplexing
operations on wide buses. Such circuits have a very high degree of regularity. The
design effort can be reduced by identifying or extracting regularity in circuits, thus
imprbving the productivity of designers. Currently, however, datapath circuits in
general-purpose microprocessors are designed almost entirely by hand. Exxstmg :
CAD tools can not extract and utilize regularity to the extent necessary for |
competitive designs. _

Various techniques for extraction of functional regularity have been
proposed in the literature.  For example, D.S. Rao et al., “On clustering for maximal
regularity extraction,” IEEE Trans. on CAD of Integrated Circuits and Systems,
Vol. 12, No. 8 (Aug. 1993), pp. 1198-1208, describes a string matching algorithm
to find all instances of user-specified templates in the circuit, and then heuristically
choose a subset of the set of templates to cover the circuit. The final cover is
sensitive to the templates provided by the designer. M. R. Corazao et al.,
“Performance optimizétion using template mapping for datapath-intensive high-
level synthesis,” IEEE Trans. on CAD of Integrated Circuits and Systems, Vol. 15,
No. 8 (Aug. 1996), pp. 877-887, also assumes that a template library is provided,
but claims to generate all complete as well as partial instances of a given template
in the circuit. Another approach described in RX.T. Nijssen et. al., “Regular
layout generation of logically optimized datapaths,” Proc. Int’l Symp. on Physical

Design, (1997), pp. 42-47, involves choosing small logic components, such as
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latches, as templates, and then growing them to obtain bigger templates. This
approach is highlf dependent on the initial choice of templates.

The approaches in the above-listed articles either rely on the user specified
templates or generate templates in an incomplete and ad hoc manner.
Opportunities for regula_l_'it}; extraction are missed.

Accordingly, there is a need for techniques for systematic regularity
extraction. '

_ ‘Summary

In some embodiments, the invention includes a method of regularity

extraction including generating a set of templates for a circuit through computer
automated qperdtions- on a description of the circuit. The method also includes
covering the circuit with instances of a subset of the templates.

- In some embodiments, the set of templates includes single-principal output
templates, where a smgle-prmclpal output templates is a template in which all
outputs of the template are in the transitive fanin of a particular output of the
template. The set of templates may also include tree templates.

In some embodiments, the set of templates is a corﬁpiete set of templates
given certain assumptions including that the set of templates include all maximal
templates of involved classes of templates and a template i§ not generated through
permuting gate inputs. - _

Brief Description of the Dr_awing_s_ '

The invention Will be understood more fully from the detailed description
given below and from the accompanying drawings of embodiments of the invention
which, however, should not be taken to limit the invention 'to. the specific
embodiments described, but are for explanation and understanding only. = -

FIG. 1 is a schematic representation of a circuit and three templates that
cover different portions of the circuit. |

FIG. 2 is a schematic and grapilical representation of a 2-to-1 multiplexer.

FIG. 3 is a schematic and graphical representation of an AND-OR gate.
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FIG. 4A isa graph '

FIG. 4B illustrates two templates obtained by permuting the incoming
edges-of the nodes of FIG. 4A. ' '

“FIG. 4C illustrates a graph G with the number of templates given by O(2")..

FIG. 5 illustrates representations for an HDL assignment:

FIG. 6 illustrates tree templates for the graph of FIG. SA.

FIG. 7 is a schematic representation of a multiplier circuit which is covered
by different instances of two templates.

FIG. 8 illustrates a graph corresponding to the multiplier of FIG, 7.

FIG. 9A illustrates two functionally-equivalent subgraphs of the graph of
FIG. . | |

FIG. 9B illustrates two templates with overlapping nodes.

FIG. '9C illustrates a template formed from merging the two témplates of
FIG. 9B. - | | -

- FIG. 10A illustrates a datapath circuit and a cover of two single-PO

templates. '

FIG. 10B illustrates a datapath circuit with a dummy node and a cover of a
single template using a single dummy output bus. ' o

FIG. 11 illustrates a template hierarchy of the circuit of FIG. 1.

FIG. 12 illustrates a computer system that can be used in regularity
extraction.

Detailed Description

1. Overview

The invention includes a general approach to extract functional regularity
for circuits (and in particular datapath circuits) from high level behavioral or
structural descriptions, such as hardware descriptor language (HDL) descriptions.
Verilog or VHDL are well know examples of HDL. Embodiments of the invention
involve automatically generating a set of templates, where a template is a

representation of a subcircuit with at least two instances in the circuit. In thata
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circuit may be represented as a graph, a subcircuit may be called a subgraph. A
subgraph may be an instance of a template. In some embodiments, the set of
templates is the complete set of all possible templates untle'r some simplifying .
assumptions. The set of templates may include more than one class of templates.
For example, in some embodlments, one class of' template 1s a tree template and
another class is a specral class of multr-output templates, called single-principal
output (smgle-PO) templates, where all outputs of the template are in the
transitive fanin of a partrcular output of the template. A tree could be viewed as a
special case of a smgle-PO template, havmg only one output Nevertheless, a tree
template is cons:dered to be a dtfferent class thana smgle-PO template. In some
embodrments, different alg_onthms are used to generate tree and single-PO
templates. . | )

As is described below, a subset of this set of templates is chosen to cover

- the circuit. Unhke pnor art techmques, a user does not have to specify the

templates to be used In some embodiments, however, a user may designate some
templates. _ : _'

The phrase "some embodithents;" refers to at least sbm;g embodiments of
the invention. The various appearances “some embodiments”'-are not necessarily
referring to the same embodtments If the specification states a component,
feature, structure, or charac_tenstlc rnay”, “nught” or could” be included, that
particular component, feature, structure, or characteristic is n_ot required to be
included. Reference in the specification to “an embodiment” or "one embodiment"
means that a particular feature, structure, or characteristic deScribed in connection
with the embodiment is included in at least some embodiments, but not necessarily
all embodiments, of the invention, |

The components of a circuit in the high level descriptions may be logic
gates (such as AND, OR and multlplexers) or arithmetic operators (such as adders
and shifters). The task of regulanty extractron isto 1dent1fy a set of templates, and

cover the circuit by a subset of these templates, where the ohj ecnve may be to use
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large templates thh many instances. However, the regularlty extraction oﬂen |

involves a tradeoﬂ' sm‘ﬁe a large template usually has a e'ﬁ /e instances, while a
small template may have many instances. Formulation of a good set of templates
may allow tradeoffs among multiple criteria, such as area, timing and power, and
allow a user to build multi-technology designs, such as using a combination of
static and dynamic logic. Prior art techniques will miss many of these tradeoffs
and produce suboptimal covers. There may be different templates with the same
functional description where the high level language specifies a difference (e.g., the
loading on a component in the templates).

The following is an example of an HDL description.

Inputs a[3:0], b[3:0], c[3:0], s0;
Clock clk;
Outputs x[1:0], y[3:0];
begin main:
fori=0to3do
{d[i] =ali] AND y(i};
. e[i] = dli] on rising clk;
© y[i] :=if sO then efi]
else b[i]}

fori=0to1do
{f]i] = c[i] OR y[i};
x[i] = f{i] on falling clk;}
endmain;

FIG. 1 illustrates a circuit 10 that could be created from the above HDL
description. Circuit 10 include four bit slices (0 - 3). The HDL description
includes two do-loops. A first template S1 includes the elements of the first do-
loop. (The "S" in S1 represents "sub”.) Because in the first do-loop, i goes from 0
to 3, S1 is included in each of the four bit slices (0 - 3). A second template S2
includes the clements in the second do-loop. Because in the second do-loop, i goes
from O to 1, S2 is included in only bit slices 0 and 1. A third template S3 includes
S1 and S3 in bit slices 0 and 1. The invention can be used to extract regularity from
the HDL descriﬁtion by systematically generating templates S1, S2, and S3 and

then covering circuit 10 with a subset of the templates. One cover includes the
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four instances of St and tl_t_e two instances of S2. Another cover includes the two
instances of S3 and the two instances of S1 not included in S3. In some
embodiments, as part of the cover process, S2 and the twe instarices of S1 included
in 83 would be removed from the List of possible templates in the cover.
Templates S1 and S2 are examples of a tree template and t_errlplate S3 is an example
of a single-PO templ_a_te.; From a broader perspective, templetes S1 and S2 are also
single-PO templates. | g

A maximal template is the maximum size it could be and still be a template.
A submaximal templat:e' is a template within another template. For example, there
are four instances of an AND gate template, which is a sutimeximal template
because it is inside template S1. In some embodiments, sucll submaximal templates
are not generated. In other embodnnents they are generated but are ellmmated
from consideration as part of the covenng process. A template may be a maximal
template for purposes of tree templates, but a submaxunal template when
considered for smgle-PO templates. For example, for- purposes of tree templates
$2 is a maximal template. For purposes of single-PO templates, S2isa
submaximal template because it is within template S3. .
, Regularity in a gwen circuit can be either functxonal structural or -
_ .. topological. Givena hxgh-level (behavioral or structural) description, a
functionally-regular clre_uit uses.a set of funcﬁonally-equiﬁulent opetations or
subcirouits (templates). Functional regularity can be used to restructure the HDL
code, for instance to impruve the quality of high-level syntltesis results by
identifying opportunities for resource sharing. Structure in‘an HDL description
typically refers to declaratively specified blocks including a :netlist which can be
described schematically by assigning a horizontal or verticel' c__lirection to the nets.
Finally, a topologically régu_lar design hgving an ordered set qf blocks which gives a
good initial placement for the circuit. The present inventiop particularly concerns
functional regularity, but may have appllcation to structural and topological
regularity. -
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2. - Problem formulation

The followitig Provides details used in connection with some embodiments,

However, the invention is not limited to the particular details. The input to

regularity extraction is a circuit C composed of components that can be logic gates

or arithmetic 6perators. C is usually described using an HDL. We may represent

C by a directed graph G(V,E), where the nodes in V correspond to the logic

components or the primary inputs of C, and the edges in E correspond to the

interconnection among the components and primary inputs of C. The set V can be -

partitioned into two subsets [ and L, \'vhich correspond to the sets of primary

inputs and logic components, respectively. The set O of primary outputs is a

subset of L. We represent the logic functions of components of C in G by a pair of

functions. We first define a logic function L > {1,..,]0}, where 10 is the total _

number of distinct types of l(;gic functions. Ifl[u] =1fv], then u and v correspond :

to the same logic function, e.g. a 2-to-1 multiplexer. Similarly, we associate an =
“index k : E > {1,...ko} with every edge in e, where k(u1,v)=k(u2;v) implies that the
- two incoming edges of v are equivalent. For example, FIG. 2 shows a multiplexer
whose input eciges Have all distinct indices, while the AND-OR gate of FIG. 3 has
four edges assigned to only two.ind.iccs. |

A subgraph of G is a graph Gi(Vi,Ej) such that VicV and FicE. Viis
partitioned :into I.i and Li. I_The. set Oi of primary outputs is again a subset of Li. A
subgraph of G corresponds to a subcircuit of C. We consider only those subgraphs
which satisfy the condition _that if v e Li, then u € IiULi for every node u
connected to v by an edge (u, v) in G. We call the subgraphs which satisfy the
condition feasible subgraphs of G, since they correspond to meaningful subcircuits
of C. From here on, a subgraph w111 imply. a feasible subgraph.
We consider two subgraphs Gi and Gj functionally equivalent, if and only if

(a) they are isomorphic, i.e. there exists a one-to-one mapping ¢ between Vi and Vij,

(b) the logic functions of corresponding nodes are same, i.e. 1[v] = I[¢[v]], and (c)
the indices of corresponding edges are also the same, i.e. k{u,v] = k[¢[u], $[v]]). We

7
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call the equivalence class of this relation a template. Any set S of subgraphs of G
can be partitioned i'nto m templates, S1,...,Sm, where a tem_p_late Si contains S
sﬁbgraphs. We estimaté the area of a subcircuit that corresjabnds to the template Si
by area[Si] = 2 Li a[l[v]], where a[j] is the area estimate of a node of logic
function j. o

A cover of G is a set C(G) = {G,...,Gn} of feasible subgraphs of G that
satisfies the following cén_ditions: .

1. Every node of G belong§ to at least one subgfaph in C(G), i.e.
VcViu...uVn. _

2 If a node v is a primary input of a subgraph-,_“'_then it is either a
primary input of G or an output of another subgraph, i.e. for all veli,
veluO1u...UO0n. - ..

In some embodimenté, a j)foblém of regulirity extr'a:_c;fion is stated as
follows. Given a circuit fepresented by agraph G, finda coverC(G) =
{Gl1,...,Gn}, which is pér_titioﬁeil into m ltenllplates. St,.. .,S:iﬁf, such that the number
of n of subgraphs and the overall area » of the temialates are maximized.

o iarealSi] _
Maximizing the number of subgraphs will reduce the effort n;eé.ded to design the
| circuit, while maximizing the area of templates will reducé the overall area and
delay by facilitating better opﬁmizétion dufing technology piapping and layout.
The above two objectiveé ﬁre conflicting, since a large template usually has 6nly a
few subgraphs. .: s | |
In general, fmding an optimal cover is NP-compléte '"(inot polynomial time
solvable), even when the subgrapfls are selected from a givei;’ set. 'Here, the’
problem is even more complex, since there is no such set of sgliﬁgraphs for selecting
the cover. In some embodiments, the prob]eih complexity is_fgduced by
decomposing it into two parts, where a set of templates is ﬁrst génerat_ed, followed
by selecting a subset of the template set to cover G. Two s;qb-pmblems are stated

below.
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In some_emBodiinents, with respect to graph covering, given a circuit
represented by a grapli%f, the complete set of tree and/o;%};ﬁigle-'PO templates is |
generated given certain assumptions. '

In some embodiments, with respect to graph covering, gi\(en a circuit
represented by a graph G and its set ST (G) = {S1,...,Sp} of templates, find a cover
C(G, ST) = {Gl,...,Gn} of G, which is partitioned into m(< p) templates, such that
the number n of subgraphs and the overall area ,,ared S of the templates are
3.  Complexity of template generation

The following are some practical assumptions used in some embodiments,
which will reduce the number of ternplates addressed to within V2 (i.e., V * V).
These assumptions will be justified in the context of regularity extraction.

Assumption 1. The set of templates includes all maximal templates of a
given class. (The definition of templates assumes thefé must be at least two
instances.) In some embodiments, the set may also include submaximal templates,
which may be removed in the covering process. '

The number of templates can be O(2") (i.e., on the order of 2V) even after
considering Assumption 1. Consider the graph G’ of FIG. 4A composed of two
unconnected trees, where the incoming edges of every node have the same index. It -
has two templates shown in FIG. 4B. The graph G of FIG. 4C is composed of
two unconnected binary trees such that all the internal nodes haire the same
function 1{v] = 1, while the leaf level is composed of one of the two subgraphs, G1
or G2. The number of templétes'of G is O(2"), since every pair of subgraphs G1
and G2 can be matched using either of the templates of FIG. 4B. o

In some embodiments, we make the following assumption that does not |
allow permuting the incoming edges of a node even though the two edges (u1,v) and -
(u2,v) have the same index k[u1,v}=k[u2,v]. For example, the two input edges of a
node corresponding to an OR gate wo'u.ld be assigned different indices, even though |

they are equivalent.
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Asmmpggu A template is not generated thrcug_h_ permuting gate inputs.
From another perspective, for every node v of G with inco;fling-edges from nodes
Ul,...,uf; every edge is assigned a unique index of K[u;,v}=i, for all 1<i<£. In some
embodiments, templates are not generated from pennuted-ipputs. In other
embodiments, the templates are generated from permuted' inputs, but are eliminated
in the covering process.
Assumption 2 disallows S2 (shown in FIG. 4B) as a template for the graph

of FIG. 4A because S2 Would be created by permuting nodgg fand g and nodes j
and k. As a result, the graph G’ of Fig. 4C alsohasa smglé_fgmplate. The
justification for the abdve_: assumption is that G is construcf_fgd from an HDL
description of C, whichlg#lsures that nodes with the same f_tj_n_ction are defined .
identically. For example; as illustrated in FIG. 5, the HDL "gssignment statement

- “fori=4to 6 {x[i] = a[ij bli] + cfi] d[i]}” will correspond to three nodes which are
transformed identically i.n. building G. The above assumptlon does not rule out the
regularity inherent in theHDL description. __The_e;dge ir_ndic#;_are different from
those in FIG 3asa rgsuit_ of Assumption 2. Different em_bédiments of the
invention may follow Assumption 1 and/or Assumption 2 épd/or other
assumptions. | o

| Details regarding generation of tree temp]ates and sigglg-PO templates in

some embodiments are néw éonsid_ercd.

4. tio '_te lat :

A tree template.:is a template having a single output and no internal
reconvefgence. An exainple of internal reconvergence is a path that separates to
parallel paths (where oﬁé or both of the_ parallel paths may héve an intermediate
node) and reconverges toa node. We present an algorithm (é,g., Pseudocode
Sample 1) for generating-alll tree templates of a given grath Pseudocode Sample
1 assures Assumption 2 bﬁt may generate sub-maximal temﬁlams in violation of
Assumption 1. However, the sub-maximal templates can b_e'.'_x:emoved_prior to

completion of covering. It can be shown that the number of tree templates is

10 -



PCT/US99/25946

WO 00/28444 :
reduced to within V2 under éSsumptio‘ns 1 and 2, which makes the enumeration of
such templates pracnééﬁ We will analyze the complex1ty"¥br thé case where the
fanin of the nodes m G is bounded. The templates are stored in a set ST =
{S1,...,Sm} where every templéte Siisa clas's 6f functionally-equivalent
subgraphs. In some embodiments, instead of storing each template completely, we
store a template as a set of hierarchically organized templates. A template Si can: |
be completely defined by the logic Ifunction of its root node, denoted by root_fnl[i],
and the list of templates children -templates[i] = {S1,...,Sf} to which the subgraphs
rooted at the f fanin nodes of the root node belong. ' _
For example, FIG. 6 illustrates templates S, ..., S8 of the graph G’ (in Fig.

4A). The templaté S8 can be precisely defined by root_fn[8] = 1 and
children_templates{8] = {Se, S7}. We also reduce the space required for storing the
suBgraphs of each template by simply storing the root node of the subgraphs in the -
list root_nodes[i]. In case of the template S8 in FIG. 6, root_nodes[8] = {6,p}. It
can be shown that the subgraphs of a template Si can be precisely reconstructed
using root_fn[i], and the lists children_templates(i] and root_nodesfi].

| For efficiency reasons, the template list ST may be sorted by a composite |
key of size f + .1 , defined as key = {root_fn, children_templates}, where fis the
number of fan-in nodes. A tree template generation algorithm as used in some
embodiments of the invention is presented.in Pseudbcode Sample 1, below:

/* A tree template Si is completely defined by (i) root_fn[i] (logic function of the
root node); (ii) children_templatesfi] (a list of children templates that form Si); (iii)
root_nodes|n] (a list of the root nodes of subgraphs of Si (all the subgraphs of Si
can be constructed form these three fields)) */

01 Generate_Templates(G(V,E))
02 begin
03 topologically sort the nodes of G as {v1, ..., VN};
04 ST :=@; /* St stores the list of templates */
05 m = 0; /* m is number of templates generated so far */
06 templates [v1 ... VN, vi ... VN] :=0;
/* template [vi, vj], if non-zero, gives the index of template to which
functionally-equivalent subgraphs rooted at nodes vi and vj belong */
07 fori=1toN ' '
08 forj=i+1toN '
11
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09 m:=m+1; /*new template to be stored i in Sm */
10 Sm = Largest_Template(vi, vj);
/* generates a template with two largest funcnonally—equxvalent
subgraphs
Gi and Gj rooted at vi and vj, respectlvely */
11 ifSm= o
12 k == Find_Equivalent_Template(Sm, ST), /* find Sk in ST
equivalentto Sm*/
13 template[vi, vj] = k;
14 ifk=m. /* Smis a new template */ . :
15 ST :=8T U {Sm}; /* add Sm to ST, such that it remains
sorted */ S ' - '
16 else .
17 root nodes[k] = root nodes[k] v {v:, v_;},
18 ' m:=m-1;
19 return ST;
20 end

/* generates largest trees rooted at u and v that are functionally equivalent */
21 Largest_Template (u, v) :
22 if 1fu] # I[v] /* W and v have different log:c ﬁmctxons */

23 retum@;
24 else
25 root_fn[m] = l[u], /* setting fields of template Sm */
26 fori=1to fdo
r* both u and v each have f fanin nodes, {ul ., uf} and {vi, ..., v}
*/
27 _ if ui and vi have a single fanout each.
28 add template [ui, vi] to children templates [m];
29 ~ else add @ to children_templates[m];
30 root nodes[m] = {u, v}; /* Sm has two subgraphs, Gu and Gv */

31  return Sm;

/* Stisalist {Si, ..., Sj} of templates sorted by key = (root_fn,
children_templates).

This function finds the template in ST, equivalent to Sm, by performing a
binary search on

ST={Si, ..., Sj} ¥/
32 Find Equwalent Template (Sm, ST)

33 ifSt=0

34 return m

35 if key[m] <key [(i +j)/2] /* check ﬁrst half of St */

36 return Find_Equivalent_Template (Sm, {Si, ... S+ P2+ 1))
37 else if key[m] > key [(i +j)/2] /* check second half of St */

38 return Find_Equivalent_Template(Sm, {S(i+jy2+1), ..., Sj});

12
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39 return(i+j)2; /* S(i+j)?2 and Sm are equivalent */
Pseudocode Sampl-e 1

It should be emphasized the invention may be implemented with different

details than those recited in Pseudocode Sample 1. Pseudocode Sample 1 generates
a complete set of tree templates meeting Assumption 2. Some embodiments could
use an algorithm that generates a smaller set of tree templates than does
Pseudocode Sample 1. Further, an algorithm could generate a complete or partial
list of single output templates that may include reconvergence, although the
complexity may be significantly greatef than with Pseudocode Sample 1.

- Anexample of the operation of Pseudocode Sample 1 can be given with
reference to FIG. 6. First, the nodes of G are topologically sorted (line 03).
Topologically sorting means sorting from primary inputs to outputs (or left to
right). A number level is assigned to each nodé’. For example, in FIG. 4A, a first’
level includes nodes e, f, g, h, i, }, k, and 1;-a second level include nodes a, b, ¢, and
d; and a third level includ’es nodes o and p. In line 06, the template has two indices,
where each index represents each node. The loops of lines 07 and 08, cause each =
node pair to be considered. For every pair of nodes, the function - -
Largest_Template generates a template with two subgraphs, one rooted at each
node. Largest_Template compares the logic function of the two nodes, and then
constructs the list of children templates. The template Sm, thus generated, is
compared with previously-generated templates by a binary search on ST using key.
If Sm is equivalent to an existing template Sk, then its subgraphs are added to Sk;
otherwise Sm is stored in ST as a new template. Referring to FIGS. 4A and 6, first
the trivial templates S1,...,54 are generated. Then, from the remaining nodes {a, b,
¢, d, o, p}, S5 is generated by comparing a and b, and S6 is generated by comparing
a and c. The template obtained by comparing a and d is found to be .equivalent to
S5, so d is stored in the root_nodes of S5. The remaining two templates S7 and S8,
are generated by comparing the node palrs, (b,d) and (o,p), respectively.

Largest_Template returns a NULL template, in the case of remaining node pairs.

13
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Note that every template has only two subgraphs, except S5 with six subgraphs
given by root_nodes = {a,b,c,d,o,p}.

Largest_Template works recursively and starts from the leafs (inputs) and
works toward the roomdde ‘(output) of the tree ie_xﬁplatc,‘ so that a larger template
is constructed from srrigﬂ_e_r templ#te_s. Referring to .FIGS.Z-.'}A and 6, the rootnode
of the template S8 is node o or p, which is the.rigl_it most ﬁéde of S8 in FIG. 6.

The rootnode of S6 is ndde a or c.” The rootnode .'of S7is riod;z bord. Templates
86 and S7 are construc@ before te_mplate 58. ‘The rootnode of S6 and S7 are
children with respect to S8. The intenm_;.diatc rootnode of temj)lates S6 and S7 they
are joined to node a or c and node b;or d (see FIG_S 4A and:_6) to form template S8.

Lines 26-28 assure that Assumption 2 is met by disallowing input
permutations. _ - | B

In some embodiments, Largest. Template takes a copstant time for
bounded-fanin graphs. Binary search on ST (lines 32-39) as.-we_ll as insertion of Sm
in St (line 15) take O(logY) time, both of which are called for every node-pair.
Thus, the overall time complexity is O(V? logV). We store root_fn and
children_templates for evcry template, which requires a memory of O(V?). The
storage required for subgraphs is also O(V?), since é-subgrap_h is stored just as its
root node. Thus, the overall storage complexity is oV?. - -

The Find_eqﬁvalent_Templ#te function (lines 32-29) isused to find a
short hand way to idemify a template. ,Fdr exarhple, if a template is created, it
may contain a fairly largg'amount of 'inf:onna_tion to specify its nodes. Another
instance of the template can be expressed with much less information by merely
observing that it is the same as the first template. -' '

The template gené'ration algorithm Pseudocode Sample 1 gives excellent
covers for datapath circuits composed of sparsely interconnected subcircuits, but it
might not perform well fér circuits w1th a high number of multiple-fanout nodes.

More specifically, in additjdn to generating tree templates, sdme embodiments of

14
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the invention can generate a special class of -multi-bﬁtﬁu&; 'r'_r:glplate's referred to
herein as a single 'ﬁrxnélpal-outpnt (PO) subgraph (templ;te): "A single-PO
subgraph is a multi-output subgraph, whose every output lies in the transitive
fanin of a particular output. For example, in FIG. 1, template S3 is an example of a
single-PO template because it is a multi-output template (it has outputs x and y),
but output y is in the transitive fanin of output x.

Single-PO graphs have several interesting properties. They can have
internal reconvergence as well as cycles, and can have any number of outputs, in
contrast to trees. A main advantage of l'lsing-'sin'gle-PO' subgraphs is that despite
their complex structure, the number of such subgraphs of G under the
Assumptions 1 and 2 is also restricted to V2, provided the subgraphs satisfy the
convex property that if u, v e V (Gi), then every node w on a path fromu to v

| also belongs to V(Gi). '

As another example, FIG 2 illﬁstrates a 4 x 4 multiplier 20, in which a
template S1 includes diagonal arrays and a templates S2 includes AND gates. C/S
represents the CARRY and SUM functions. Multiplier 20 is covered by 3
instances of template S1 and 4 instances of template S2. Template S1 is not a tree
template. Accordingly, if we apply ihc algorithm of Pseudocode Sample 1 to the
‘multiplier of FIG. 7, then numerous instances of three trivial tree templates: AND
gate, CARRY and SUM functions, are obtained. Template S1 is also not a single-
PO template. Nevertheless, as illustrated and described below, the three diagonal
arrays of FIG. 7 include single-PO templates. FIG. 8 is a graph version of |
multiplier 20 of FIG. 7. The two subgraphs shown in FIG. 9A are two
functionally-equivalent single-PO subgraphs GP5 and GP6, with PS and P4 (see
FIG. 8) as the respective principal outputs. A single-PO temp.llatc h_és iﬂstances of
single-PO subgraphs. _ '

As described above, a tree template may be represented by a list of children
templates which are non-overlapping. - However, the children templates can

overlap in single-PO templates. FIG. 9B illustrates templates St and S2 of the
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graph of FIG. 9A. FIG. 9C shows the template S3 with two subgraphs of FIGS.
9A and 9B. S3 has two children templates, St and 82, which have overlapping
nodes, such as c1 of subgraph Gps and ¢2 of Gps. Therefore, S3 cannot be
completcly specified Just by the llst of its ehrldten templates Instead, every
template is speclﬁed mdrwdually. '._I‘he nod_es_ o_f a subgrap_hjg‘ru can be stored by a
list nodelist using the depth-ﬁrst seart:h order. A 'depth-first order may be unique
for all isomorphic subgraphs The subgraph of template Sl rooted at node al has
nodelist = {al, b1, cl, dl el, fl, gl}. thh every node i m nodehst, we store its
fanin and fanout links as well Thus, in some embodrments, memory required to
store a subgraph is O(V) for bounded-famn graphs :

Pseudocode Sample 2, below, may be used to generate a complete set of
single-PO templates. | o o

Repeat lines 01-20 of pseudocode Sample 1 '
/* generates the largest eqmvalent smgle-PO subgraphs (templates) rooted at
uand v */ . R
01 Largest ' Template(u, V)
02 iflul=I[v]

03 return &;

04 else . -

05 nodelist[Gu] = {u} /* root node is the ﬁrst node m nodehst*/

06 nodelist{Gv].:= {v}; o '

07 fori=1tof do *u and v each have f fanm nodes {ul, ...., uf} and
({v1, ..., vi) ¥/ N

0 add nodehst [Gui] at the end of nodelist [Gu]

09 add nodelist [Gvi] at the end of nodehst [Gv);

10 - forwl € nodelist [Gui] and w2 € nodehst [Gvn],

/* thereisa path ﬁ'om w1 (w2)to u (v) through the i mcommg edge of u (v)
with index i */

11 addito path[wl, 1_1];

2 - add i to, path[w2, v];

13 for w1 € nodelist [Gu] and w2 € nodehst[Gv]

14 if path [wi, u} # path[wz, v] o

15 delete all copies of wi (wz) from nodelist [Gu] (nodelist [Gv]);
16 else if path [wl u] has more than one element /*here, path [wl, u] =
path[w2, v] */ Co

17 delete remaxmng copies of wi(w2) from nodelist [Gu] (nodelist [Gv]);

18 Sm = {Gu, Gv}, .
19 return Sm; C
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/* STis a list & templates S, ..., Sk. This fmcﬁ%ﬁﬁnds the
template ST, equivalent to Sm, if any; otherwise returns m */
20  Find _Equivalent Template(Sm, ST)
21 fori=1tok
22 if nodelist [Si] = nodelist [Sm]
23 ~ returni;
24 return m;

Pseudocode Sample 2

It should be emphasized the invention may be implemented with differenf
details than those recited in pséudbcode Samiple 2. A complete set of single-PO |
templates includes at least all those smgle-P'O templates in the circuit that meeting :
Assumptions 1 and 2, above. It may also include additional single-PO templates,
some or all of which may be removed from the list of templates later, for example,
as part of or prior to covering the circuit. | |

As can be observed, psendocode Sample 2 is the same as Pseudocode
Sample 1 except that the function Largest_Template (u, v) (called from line 10) and
the function Find_Equivalent_Template (Sm, ST) (called from line 1.2) are different. -
As described above, a reason for the difference is that with single-PO templates, |
children templates can overlap (e.g., see FIG. 9C). |

An example of the operation of Pseudocode Sample 2 is provided in
connection with FIGS. 9A, 9B, and 9C. Prior to the call Largest_Template (P5, .
P4), the template S1 is already generated with two subgraphs, Gal and Ga2.
Similarly, S2 is also generated with subgraphs Gh1 and Gh2. The nodelists of Gal
and Gh1 (Ga2 and Gh2) are combined to obtain the nodelist of Gps (GP4). After
lines 07-09, nodelist{Gps] = {P5, al, bl, cl,dl, el, f1, g1, hl, i1, c1,dl, el, ﬁ} =
and nodelist{Gp4] = {P4, a2, b2, ¢2, d2, €2, 2, g2, h2, i2, c2, d2, €2, 12}.

There can be multiple paths from a node w to the .root node v through
different incoming edges of v. Asa re§uln W occurs inultiple times in nodelist
[Gv]. For example, c1 is connected to P5 through the edges (al, P5) and (1, P5) in

FIG. 9A, and hence, it occurs twice in nodelist [Gp5). We define a list path[w, v]
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(lines 10-12) which contains the indices of the incoming edges of v through which
w is connected to v, e.g. path[bl, PS] = {1}, while_ path[cl‘,:. P5]={1,2}. Wethen
pairwise compare the nodes in nodellst of Gu and Gv (line' 13). If the path lists of

the corresponding nodes are different, then these:nodes have to be removed from

- the respective subgraphs (lmes 14-1 5) 0therw1se, if the two path lists are same,

but have multiple indices, then the remammg cop:es of these nodes have to be
removed. For example, the second occurrence of -the node cl (c2)in Gps (GP4) is
deleted. Finally, after line 21, nodehst[GPS] = {P5, al, bl, cl dl el,gl,hl,il}
and nodelist [GP4] = {PS al bl, cl dl el, gl, hl, il}.and nodehst [GP4] = {P4,
a2, b2, c2, d2, 2, g2, h2,_ i2}. The fnne_tton Ftn(l_lianvalent_'l‘emplate compares a
template with every other template m the set.S'r by matehing corresponding nodes
in the two nodelist’s, smce the depth-ﬁrst order of the nodes of a graph is unique.
In some embodnnents, Largest Template takes O(V) time, since it

constructs two nodehst’s and then traverses them twice.

- Find_Equivalent ' Template takes 0(V3) tlme smce it compares two nodelist’sat -

most V2 times. These two ﬁmetlons are ealled for every node-patr (line 07-08,
Pseudocode Sample 1), resulting i in the ume complexnty of O(V %). The nodelist of

* every subgraph requires a storage of’ O(V), resultmg ina storage complexity of

O(V?3). Ifthe number of single-PO templates of G is bounded by S, then the
overall time and space complexlty may be glven by O(S2 V) and O(S V), -
respectively. o o

If designer provrdes a template Crr we can generate all its complete as well
as parhal matches in the mput graph G by callmg the functlon Largest_Template
(line 10, Pseudocode Sample 1) for every node-paxr (vi, vj) where vi and vj belong
to G.and GT, respecttvely This feature allows the desngner to control the
extraction approach and improve the cxrcult cover as desxred
6. Covering of by te 1 e o ' N

The above descnbed algonthms generate a set of ST templates for G. St.can
be either a set of all tree templates or a set of all smgle-PO templates of G under
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the Assumptions 1 and 2. The set of all templates generﬁgeg;inéludes: the sum of
the sets of templafés'i%) ﬁle different classes of templateéﬁge;g;‘ ST= ST(TrecTemplates)
+ ST(Single-POTemplates).) * - '

In many circuits, all components and associated paths of the circuit can be
included in at least one template. However, other circuits may include one or more
components that cannot be in a template because they appear only once.
Accordingly, the phrase "covering the circuit" means to cover those components of
the circuit that are included in an instance of a generated template. In some
embodiments, in some cases, a componént may initially be part of an instance of a
template, but-can be left out of a template during the covering process. Ip many
circuits, there will be many possible covers (combinations of instances of
templates that include the entire circuit). In that case, the "subset of the
templates” will be fewer than all generated templates. However, where the only
possible cover involves using instances of all gencrated templates, the phrase -~
"subset of the templates"” includes all the generated templates.

_ If sub-maximal templates are generated, Assumption 1 (only maximal
templates) is met during the covering process. | |
- Let S denote the set of all subgraphs in the templates stored in ST. Now, |
we present a solution to the graph covering problem, where given G and ST, the
objective is to find a subset C(G, ST) of the set S of all subgraphs that forms a
cover of G. -

In some embodiments, heuristics are used to select the cover. In some
embodiments, the following process is used. First, a template Si with a maximum
objective function out of all templates in ST is selected. (A template with the
maximum objective function is the one that most meets the heuristic or is the tie
breaking template in the case of a tie.) Next, all nodes that beldng to the non-
overlapping subgraphs of Si are deleted and other templates of ST are removed
from a list of templates. Then, 2 new set ST of femplates for the remaining graph

(uncovered circuit) is generated, which regeneration may result in different
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templates than existed before the templates of ST other than Si were removed from
the list. A new templete Si with a maximum objection ﬁmction is selected. This
process 1s repeated until either all nodes of G are covered, or ST is found to be
NULL. If some nodes are left uncovered and ST becomes NULL then the
remaining nodes may be stored ina template w1th asingle subgraph (In case of
datapath circuits, this template correlates toits control loglc )

Note that in the process of regenerated templates ST for the remaining
graph, there may be nodes that are ngt_-:eontai_ned ina templete because there is no
repetition, although the)f were initially m an ;ins_tehce ofa template. Non-
overlapping subgraphs of Si are ones' in which there is not a'node (component)
shared by the two. 0verlapp1ng subgraphs of Si are ones in wh:ch there is a node’
(component) shared. For example, i m FIG Lif the AND gate of St of bit slice 1
were deleted, but the output of the AND gate of Sl of bit shce 0 were fed into the
input of the latch of S1 of bit slice l?_ then, in'some embodm_l_ents, they would be
overlapping subgraphs oi_' S1. Inthe coveiflng ,pgoe_e_ss, the latch and MUX of bit
slice 1 may not be'inclutled ina templete eﬁer 'regeneration'of templates. -

~ In other embodiments, first, template S: is selected. Next all nodes inside
template Si are deleted but other templates in. ST are retained as is. Then, another
template Si is selected from the remammg templates in ST, rather than regenerating
a new set of ST for the uncovered pomon of the circuit. It1i lS poss1ble that a better
cover will be obtained by regeneratmg the set of templates, but it also takes more
time. _ :

The following are two covermg heunsttes based on an objectlve function
that may be used for selectmg templates

1. Largest-Fit-First (LFF) heuristic: - Select the template Si with the
maximum area area{Si}. . | - , '

2. Most-frequent-Fit-First (MFF) heuristic: Select.Si with the
maximum number |Si| of subgraphs (ltistanees). In some embodiments, heuristic 2

is further modified as follows. Where two templete_s have an equal number of
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instances, and one template is larger than another, the larger template is selected as

Si. Heuristic 2 nughfalﬁo be modified such that a submékliﬁal'template must have
at least two nodes to be:selected where an instance of the submaximal template is
included in a template with more than one node.

Usually, the MFF and LFF heuristics give different covers, since a template
with a large area has few subgraphs, and vice-versa. Heuristics other than LFF and:
MFF (e.g., combination of the LFF and MFF) could be used, and there may be
additional modifications (e.g., as mentioned with respect to the MFF).

Consider examples with respe& to FIG. 1. If the LFF heuristic is chosen,
template 83 is selected as Si. Templates S2 and the two instances of templates S1
in the instances of template S3 are removed from consideration. In some
embodiments, the other two mstances of template S1 (bits slices 2 and 3) would be
deleted, but templates for the remaining portion of the circuit (i.e., bit slices 2 and -
3) would be regenerated. In other embodiments, templates in the remaining portion
of the circuit (i.e., the circuit other than in instances of S3) are not deleted and not
regenerated. Whether retained or regenerated, the two instances of S1 would then -
be selected to cover the remaining portion of the circuit. The result would be the
circuit is covered by instances of S3 for bit slices 0 and 1 and instances of S1 for
bits slices 2 and 3. | |

_ If the MFF heuristic is chosen, template S1 would be selected as Si. There
are also four instances of AND, latch, and MUX components but (1) S1 is larger
and (2) the AND, latch, and MUX templates have only one node (component)
each. If the two latches in S2 were the same as the latch in S1, there would be six -
instances of the latch. However, in some embodiments, that latch would not be
selected, because such a template would have only one node and S1 would have
more than one node (note modification to Assumption 1). (One disadvantage of
allowing single node templates is it could break up other larger templates that
would be more useful.) Once templat.e S1 are selected, all sub-maximal templates

in S1 are removed from consideration. Then, depending on the embodiment,
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template S2 is either removeo and r_egenerated or simply retained. The final cover
would be four instances of template S1 and two of template S2.

The cover of the 4 x4 multrpher of FIG. 8 obtamed usmg the LFF heuristic
contains six templates, where the _largest template shown in FIGS. 9A and 9B
covers more than half Ofthe circuit, (The cover of two templates shown in FIG. 7
cannot be obtained, smce our algonthm is restrlcted to tree and single-PO
templates.) If the MFF heunstlc is used then the cover of three small templates-
AND gate, CARRY and SUM functrons, is obtamed

7. Applimigns of template generﬂon

The followmg are some useful extensxons of the above-descnbed template
generation algorithms.

mlﬂ;mw Consider the two covers for the
circuit graph of FIG. 1.generated by the extractlon approach descnbed above: one
with two subgraphs of 83 and Sleach, and another one with two subgraphs of S2
and four of S1. The fact that S3 i is composed of Sl and S2 s not captured by these
two covers. We can compactly represent these. two covers. by identifying the
hierarchy of templates. As describe above m the case of tree ‘templates, a template
is stored hierarchically as a 2 set of chlldren templates This notron of template
hierarchy can be generalized. Fora glven G, every template rs elther hierarchically
composed of other templates orisa leaf template Let 81, ..., Sm be the templates
in a cover generated by a regulanty extractlon approach, deserxbed above. The
complete template hierarchy can be éenaatm by recursively_ extracting the
regularity from the graph composed of m indeperldent subgraphs, S1, ..., Sm, until
we are left with leaf templates only. The templates in the two covers of FIG. 1
can be compactly represented by the. hrerarchy shown in FIG 11. In general, any
set of covers of G can be represented by a template hierarchy, which allows the
user to select the most desnable cover for subsequent physxcal design stages.

Referring to FIG. 12, a. computer system. 120 includes memory 122,
processor 124, display 126, interface 12_8, and pnnter 130. Ip some embodiments,
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processor 116 exe(.‘;i;t'es_'. program frﬁm memory 122 thh_f i)érfofnis regularity
extraction as describ d'Herein. Memory 122 may hold ﬂ;é ‘descriptor Ianguagé from
which regularity is to be".l'e')'étracted-, templates, different coverings, etc. The
hierarchy of cover options-can be presented, for example visually on display 126
or printed through printer 130. The user can select options through interface 128
(e.g., a keyboard or mouse). Memory 122 is intended as a generalized
representation of memory and may include a variety of forms of memory, such as a
hard drive, CD-ROM, and random access memory (RAM) and related circuitry. A
hard drive, CD-ROM, and RAM are exﬁmples of articles including machine
readable media. For example, the program performing the rqgularity extraction may
be ixicluded on a CD-ROM and ioaded from the CD-ROM to a hard drive. The
high level description may be received, for example, on a disk or remotely through,
for example, a modem. |

Generating subgraphs for a user-given template: Given a template S', a
template generation algorithm can be modified to identify all subgraphs of S' as well
as its children templates. For example, if the user provides the template S3 for the
circuit of FIG. 1, then all subgraphs of S3 as well as its children templates S1 and

~ S2 can be generated. A user might also specify template S1 of FIG. 7. In some
embodiments, the only modification to the template generation algorithm of
Pseudocode Sample 1 is that the function Largest Template (line 10) is called for
every node-pair (vi, vj), where vi and vj belong to G and S, respectively. The
covering can be easily generalized such that G is covered by a mix of user-specified
and automatically-generated templates.

General multi-output templates: Usually, the primary outputs of datapath
circuits are specified by busses. The primary outputs can be group with the same
bus index to form a dummy node, thus creating a dummy bus of the same width, A
heuristic of adding a dummy output bus can be used such that a template
generation algorithm finds a general zilulti-output template. For example, FIG. 10A

illustrates a circuit 100 having bits slices 0 and 1 that are each by templates S1 and
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S2. As illustrated in FIG. 10B, circuit 100 can be modified to create a circuit 104 in
which output busses x and y are gr;oi;ped with 2 dﬁmmy node 108 so as to create a
single dummy bus and a template S3 formed in plac:;e of S1 apd S2. Each bit slice of
circuit 104 can be covered by a single template S3. After the regularity has been
extracted, the dmﬁiny bus [0] and dummy node 108 can be ignored at a later stage
of design. _ . e |

Those skilled in the art héving thg_-be_ﬁeﬁf of this disdqsure will appreciate
that many other variations from the foreg_:oing' description and drawings may be
made within the scope of the .presenf im.;ej_mion. _Aécordingly, it is the following

claims including any amendments thereto that define the scope of the invention.
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What is claimed is:

1. A method of regularity extraction, comprising:

generating a set of templates for a circuit through computer automated
operations on a description of the circuit; and- '

covering the circuit with instances of a subset of the templates.

2. The method of claim 1, wherein the set of templates includes single-
principal output templates, where a single-principal output templates is a template

in which all outputs of the template are in the transitive fanin of a particular output

of the template. _
3. The method of claim 1, wherein the set of templates includes tree
templates.

4. The method of t;laim 1, wherein the set of templates include tree
templates and single-principal output templates. '

5. The method of claim 1, wherein the set of templates is a complete

. set of templates given certain assumptions.

6. The method of claim 1, wherein the assumptions include that the set

of templates include all maximal templates of involved classes of templates and a
- template is not generated through permuting gate inputs.

7. The method of claim 1, wherein covering the circuit involves
selecting one of the set of templates and meeting certain criteria and deleting all
nodes in instances of the selected template.

8. The method of claim 4, wherein the covering further includes
deleting the templates in the set of templates other than the selected templates and
regenerating a new set of templates from the remaining uncovered circuit.

9. The method of claim 1, wherein at least some of the templates of
the set of templates are generated in part through recursion wherein a rootnode is

joined to children nodes.
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10.  The method of claunl,wherem covering involves using a largest-fit-
first heuristic wherein a template with a .I_'la.rig_est:erea is selected. -
11, The method of claim 1, wherein covering involves using a most-
frequent-fit-first heuristic where a texnplete witha maxnnum number of subgraphs

is selected.

12.  The method of claim 1, wherem a hlerarchy of cover possibilities is
presented to a user who can select among them it

13.  The method of clalm 1, wherem the set of templates is generated in
part through determining largest templates -

14. The method of cla:m 1, wherem the set of templates is generated in
part through determining equxvalent templates :

15.  The method of cla1m 1 wherem the cnrcmt may include portions for
which there is no template because there is a component that is not repeated.

16.  The method of claim 1 wherem a user may' specxfy some of the
templates and the computer automa_t_ed _.op_e;atlons. speelfy.._o_ther of the set of
templates. | ) | | I_ |
17. . Amethod of regularity extraction; comprising:

generating a set of templates for; a_.'eifeuit through computer automated
operations on a description of the cxrcult, ‘the set of templatee'.:i'neludes single-
principal output templates; and o _

covering the circuit with i instances of a subset of the templates.

18.  The method of clalm 17 wherem the set of templates is a complete
set of templates given at least one assumptlon i

19.  The method of claim .l 7, wherein the set of -_templates also includes
tree templates. L | -

20.  Anarticle compnsmg

a machine readable medium. mcludmg 1nstructxons that when executed cause

a computer to:
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generate a set of templates for a circuit through computer automated
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operations on a desc on of the circuit; and

cover the circui; w:th instances of a subset of the templates.

21.  The article of claim 20, wherein the set of templates is a complete
set of templates given at least one assumption.

22, The method of claim 20, wherein the éet of templates includes more
than one class of templates.

23. The method of claim 20, wherein one class is a tree template.

24.  An article comprising: .

a machine readable medium including instructions that when executed cause
a. computer to: |
generating a set of templates for a circuit through computer automated operations
on a description of the circuit, the set of templates includes single-principal output
templates; and

covering the circuit with instances of a subset of the templates.

25.  method of regularity extraction, comprising:

receiving a user specified template;

generating a set of templates for a circuit through computer automated
operations on a description of the circuit, considering the user specified template;
and

covering the circuit with instances of a subset of the templates.

26.  The method of claim 25, wherein the set of templates includes
single-principal output templates, where a single-principal output templates is a
template in which all outputs of the template are in the transitive fanin of a
particular output of the template. |

27. A method of regularity extraction, comprising:

generating a set of templates for a circuit through computer automated
operations on a description of the circ;uit, wherein a multiple-output template is

created through joining outputs in 2a dummy node; and
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covering the circuit with instances of a subset of the templates.
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